Abstract: This paper presents a distributed adaptive coordinated control of multiple robot arms grasping a common object that is constrained by known environment. The cases of rigid contact and rolling contact are analyzed. In the proposed controller, the dynamic parameters of both object and robot arms are estimated adaptively. The desired motions of the robot arms are generated by an estimated object reference model. The asymptotic stability of motion is proven by the Lyapunov-like Lemma. An experiment involving two robot arms handling a common object constrained by a cylindrical plane is shown.
Introduction
The robotics system consisting of multiple robots has greater capacity than the single robot system for tasks such as the handling of heavy material and assembly. The control objective is specific motion of the object and specific constrained force between the environment and the object. The problem of manipulating a constrained object grasped by multiple robots has been studied actively (e.g., Arimoto [1] ). Hybrid position/force control by Yoshikawa et al. [2] , impedance control by Schneider et al. [3] were based on exact model of the system. It is well known that it is very difficult and time consuming to identify the dynamic parameters of the object and the robot arms precisely. Moreover, the dynamic parameters of the object often vary according to the task, which is variable. To control multiple robot arms handling a constrained object whose dynamic parameters are unknown, adaptive control based on reduced dynamic model by Yao et al, [4] and adaptive sliding mode control by Su et al. [5] have been presented. These are centralized control. Decentralized control, in which each robot is controlled separately by its own controller (e.g., Hsu [6] , Liu et al. [7] ), is better for coordinated control.
In this paper, a decentralized adaptive coordinated control of multiple robot arms grasping a common object constrained by the environment is proposed. The cases of rigid contact and rolling contact are analyzed. The desired motions of the robot arms are generated by use of an estimated object reference model, which is evaluated using parameter estimates and the desired motion of the object. The motion of each robot arm is controlled independently and adaptively. The global asymptotic stability of motion is proved by the Lyapunov-like Lemma.
Modeling of System Dynamics
Consider the dynamic equations of k arms holding a common rigid object as shown in Fig. 1 , in which the i-th robot arm hold the object at point C i and the object contact to an environment at point C. The coordinate systems are defined as follows. : Position and orientation vectors at the contact point C of the arm with respect to p Σ .
To facilitate the dynamic formulation, the following assumptions are made. A1): All the end-effectors of the robot arms are rigidly attached to the common object so that no relative motion occurs between the object and any end-effector, and it is possible to generate arbitrary force and moment at any contact. f at the contact point C are time-continuous and bounded.
Constrained force and object velocity
It is supposed that the constraints are written as
is a position and orientation vector of the object at contact point, ( )
ϕ is known and twice continuously differentiable with respect to r c . Then, the normal contact force can be written as n F
Orthogonal projection, which projects any vector in the subspace derived from the constraints to the tangential surface of the constraint, can be represented by . These equations mean that the normal force and the velocity at the contact point are orthogonal to each other.
Object dynamics
Each robot arm applies a force 
where I is an identity matrix and p is defined such that the relation a p a p × = is satisfied for any vectors
. Equations (6) and (7) can be rewritten as:
where
In general, the dynamic equation of the object is represented by:
where 
where o v is an arbitrarily defined velocity,
is a dynamic parameter vector of the object, and
is a regressor with respect to o σ . These structural properties are utilized in our controller.
Robot arm dynamics
The dynamic equation of the i-th robot arm is represented by
is the position and orientation vector of i-th arm with respect to the task coordinate system p Σ , i M is the symmetric positive definite inertia matrix, i C is the damping coefficient matrix, i g is the gravitational force term, i u is the control input given in the task coordinate system, and i G is given by
It is well known that the robot dynamic model is linear in the dynamic parameters, as follows:
is an arbitrarily defined velocity,
is a dynamic parameter vector of the i-th robot arm, and
is a regressor. The robot dynamics can be rewritten more concisely, as follows:
The robot model (15) has the following structural properties, which are utilized in our controller design; 1) M is symmetric positive definite. 2) Suitable
3) The robot model is linear in the dynamic parameters as
Integrated dynamics
By eliminating o F and F from the object dynamics and the robot dynamics by the relation (9), the integrated dynamics are obtained as follows:
The integrated dynamics does not include the force and moment at the contact points C i . But, it includes the constraint force at the contact point C.
Adaptive Coordinated Control
The dynamic equations of the object and the robot arms contain dynamic parameters such as the inertia tensor of the link. If these dynamic parameters are unknown, it is very difficult to control the motion of the object precisely. The control objective is to provide a set of input joint torques such that the motion and the constraint force at the contact point C of the object converges to the desired values asymptotically for the case in which the dynamic parameters of the object and the robot arms are unknown. The design of the proposed adaptive coordinated control method is similar to an adaptive control proposed by Kawasaki et al., [8] , [9] . The proposed adaptive coordinated control is not required to calculate the desired position of the each arm.
Desired external force applied to the object Let us denote a constraint force error by
. A reference velocity at contact pint C is defined by η e r Q r , which is derived by the duality of force and velocity. Then the following desired external force is generated by an estimated reference model of the object: . The desired external force applied to the object is updated based on the parameter estimates of the object's dynamic parameters.
Desired force and moment at contact point C
It is assumed that a set of forces and moments equilibrating the external force at contact points C i exist. Then the desired forces and moments at contact points equilibrating the desired external force should satisfy the relation of equation (9). Moreover, the forces and moments at contact points C i generate the internal force in the object. Hence, the general solution of the desired force and moment at a contact point for object motion and constraint force are given by
is an identity matrix, d int F is the bounded desired force that does not cause object motion, and + W is a pseudo inverse of W given by ( )
Let dente an equivalent force and moment at the contact points C i to the constraint force c F by
Then a desired force and moment at the contact points which is equivalent to the desired constraint force at the contact point C is given by
When the constraint given by Eq.(1) is known, the constraint force can be measured by . Similarly, the desired velocity of the i-th robot arm is given by
A velocity error of the i-th robot arm, ) ( 
The each robot arm is controlled independently; that is, communication among robot arms is not needed.
Asymptotic stability
For the proposed controller, the following theorem is proved.
Theorem 1: Consider a rigid object contacted by k robot arms and environment. For a system (17) using the integrated control law (34) with the integrated adaptation law (35), in which the desired external force of the object is given by (21), the closed-loop system is asymptotically stable in the sense that (1)
, and 
. This relation derives 
Differentiating (39) with respect to time gives 
where fr Y is a regressor with respect to µ . Then, the external force affecting the object is modified by ) ( (28), and the inverse matrix of G , respectively, theorems 1 to 3 are proved through the same approach. It is noted that the measurement of the contact points on the arm and the object are required.
Experiment
Experiments using two robot arms were performed to show the effectiveness of the proposed control method in the case in which the dynamic parameters of the object and the robot arms are unknown. In the experiment, as shown in Fig. 2 , two robot arms, the 1 st robot of which, on the right side, has 6 DOF, and the 2 nd of which, on the left side, has 5 DOF, are used as 3 DOF robot arms that grasp one object rigidly and carry it in a vertical plane. , and all the diagonal elements of 1 Γ and 2 Γ are 001 . 0 . The initial values of the unknown dynamic parameters are set as zero. The coulomb friction and the damping friction coefficient at each joint and contact point are also estimated adaptively, and feedforward input using their estimates are added. The sampling cycle of the experiment is 0.8 ms. Fig.3 shows the experimental result. (1)is the position error (4)is the estimated parameter of grasping object inertia. These result shows that the position error, the force error and the feedback term of arm torque decrease by repetition of motion. The estimated parameter converge nearly to constant values. These results show that the adaptation in control is working successfully and effectively.
Conclusion
An adaptive coordinated control for multiple robot arms contacting a common object with a constraint has been proposed. In the control, the desired motion of the robot arms is generated by an estimated reference model of the object, which is evaluated using parameter estimates and the desired motion of the object. The motion of each robot arm is controlled independently and adaptively without communication among the arms. The asymptotic stability of motion and constraint force with the environment have been proved by the Lyapunov-like Lemma. The adaptive control can be applied in the case of rolling contact without slip between the arm end-effectors and the object when contact points are measured. The results of experiments using two robot arms had shows that the control objective was successfully achieved.
